Selective oxidations are crucial for the creation of valuable chemical building blocks but often require expensive and unstable stoichiometric oxidants such as hydroperoxides and peracids. To date, many catalysts that contain a single type of active site have not been able to attain the desired level of selectivity for partially oxidized products over total combustion. However, catalysts containing multiple types of active sites have proven to be successful for selective reactions. One category of such catalysts is bimetallic alloys, in which catalytic activity and selectivity can be tuned by modifying the surface composition. Traditional catalyst synthesis methods using impregnation struggle to create catalysts with sufficient control over surface chemistry to accurately tune the ensemble size of desired active sites. Here we describe the synthesis of colloidal nanocrystals of dilute alloys of palladium and gold. We show that when supported on titania (TiO 2 ), tuning the composition of the Pd/Au nanocrystal surface provides a synergistic effect in the selective oxidation of 2-propanol to acetone in the presence of H 2 and O 2 .
INTRODUCTION
Selective oxidations are essential for adding functionality to molecules to make desired products and enable future chemical modification. However, most of these reactions require the use of expensive or corrosive oxidants due to the lack of selectivity of molecular oxygen as an oxidant, especially on platinum group metals. Over three decades ago, small Au nanocrystals were found to catalyze oxidation reactions. 1 Since then, Au has been shown to be active for epoxidation reactions, [2] [3] [4] carbon monoxide oxidation, 1, 5 and selective hydrocarbon oxidation, 6, 7 all using molecular oxygen. Au is advantageous for selective oxidation reactions compared to more traditional oxidation catalysts like Pd or Pt because of its weak oxygen dissociative chemisorption ability, which leads to selective rather than complete oxidation. Selective oxidation activity on Au is further enhanced under hydro-oxidation conditions which include a hydrogen co-feed. 8 Stemming from work in propylene epoxidation, 2 it has been found that cofeeding O 2 and H 2 over catalysts composed of Au on Ti-containing supports generates hydroperoxide intermediates, [6] [7] [8] [9] and gas phase hydrogen peroxide. 10 These intermediates have been observed by several spectroscopic techniques. 7, 9, 11, 12 It has been hypothesized that during propylene epoxidation, Au nanoparticles stabilize molecular oxygen, which then reacts with activated H atoms to form either adsorbed OOH or H 2 O 2 . These hydroperoxide species diffuse to Ti(IV) sites on the support near the Au nanocrystals where the oxidation reaction occurs. 6, 7, 9 Despite the improvement in the performance when hydro-oxidation conditions are used, reaction rates are still low because it is hypothesized that the reaction is limited by the rate of dissociative chemisorption of H 2 at the Au-support interface with the assistance of adsorbed O 2 . 13, 14 Dilute, or single atom alloy (SAA) catalysts, where isolated atoms of one metal are added to a host metal, 15 have been shown to be adept at dissociative chemisorption of H 2 . [15] [16] [17] [18] [19] [20] In most 4 cases single atoms of a platinum group metal are alloyed with a coinage metal. In this dilute alloy, the probability of having two or more contiguous platinum group metal atoms present on the surface of the nanoparticle is extremely low, thus eliminating the possibility of finding bridge and three-fold binding sites of the platinum group metal. As a result, the binding modes of the chemisorbed species on the platinum group metal change due to the elimination of the stronger binding sites between its atoms. In this way, SAAs provide pathways to increased selectivity and poison resistance that is unattainable in the bulk metal. 21 It has been found that the isolated platinum group metal atoms are capable of dissociative H 2 chemisorption, which then spills over onto the coinage metal surface. 17, 18 For example, Sykes and coworkers showed that single atoms of Pd dispersed on a Au surface were capable of carrying out H 2 /D 2 scrambling to form HD, whereas pure Au surfaces were completely inactive. 18 The coinage metals can then utilize the spilled over hydrogen atoms to carry out highly selective hydrogenation reactions. 15, 16, 19, 20 There are no reports of SAA catalysts used for partial oxidation reactions, partially due to the required ensemble sizes for oxygen activation. 22, 23 For example, Goodman and coworkers found that two adjacent Pd atoms, a motif not present in SAAs, are required to dissociate oxygen, a common step in oxidation reactions, in Pd/Au alloys. 22 However, our hypothesis is that the inability of isolated platinum group atom geometries to chemisorb oxygen dissociatively combined with the high hydrogen activation performance of SAAs can be leveraged to produce enhanced hydro-oxidation catalysis. Thus, while Au/oxide interfaces are still present for the formation of hydroperoxy intermediates, isolated atoms of platinum group metals would assist in the rate limiting step of dissociating hydrogen. A SAA catalyst may therefore be able to increase the rate of production of reactive oxidizing species and increase the overall rate of selective oxidation while maintaining the selectivity of Au catalysts.
5
In order to take advantage of the benefits of single atom geometries and to avoid the formation of byproducts on unselective phases, control over the structure and morphology of supported catalysts is crucial. The presence of impurity phases that contain extended surfaces of a platinum group metal could reduce the selectivity of the oxidation process, and complicate the understanding of reaction mechanisms and structure-property relationships. In this work we detail the synthesis and characterization of dilute Pd on Au alloy nanocrystals with high control and uniformity as well as their utilization in the selective oxidation of 2-propanol to acetone, a reaction studied previously on pure Au. [24] [25] [26] [27] Specifically, we compare the catalytic activity on pure Au and Pd individually to that of Pd/Au SAA nanocrystals under oxidizing and hydrooxidizing conditions. We find that Au nanocrystal surfaces containing single atoms of Pd are more active and selective than either of the pure metals under hydro-oxidation conditions. These results highlight the selectivity attainable with SAAs catalysts and create new possibilities for the use of SAAs as oxidation catalysts.
EXPERIMENTAL SECTION
Synthesis of Au Nanocrystals (NCs). Au NCs were synthesized using previously reported procedures with slight modification. 28 A reducing solution was first prepared by dissolving borane tert-butylammine complex (TBAB 88.6 mg, 97%, Aldrich) in a mixture of oleylamine (OLAM, 2 mL, 70%, Aldrich) and tetralin (1,2,3,4 tetrahydronaphthalene, 2 mL, 98%, Acros) with sonication. HAuCl 4 •3H 2 O (200 mg, ACS Reagent Grade, Acros) was dissolved in OLAM (20 mL) and tetralin (20 mL) using magnetic stirring at 40 °C to form an orange solution.
Immediately after the HAuCl 4 •3H 2 O was dissolved the reducing solution was injected 6 instantaneously, causing an immediate color change to dark purple. The mixture was allowed to stir for 1 h before particles were recovered by precipitation using isopropanol (5 mL) and ethanol (25 mL) followed by centrifugation (8000 rpm, 3 min). The particles were redissolved in hexanes (Certified ACS, Fisher) and the precipitation process was repeated twice more. The clear supernatant was discarded and the particles were redispersed in 10 mL of hexanes. The above synthesis yielded uniform NCs with an average diameter of 2.8 ± 0.4 nm. The average Au NC size can be tuned by modifying the synthesis temperatures as described by Peng and coworkers with lower temperatures yielding larger NCs. 28 NCs with a diameter of 2.8 ± 0. °C. At this temperature the mixture of octadecene and tetradecene began to reflux. After 15 minutes of reflux, the mixture was cooled to room temperature. The NCs were precipitated with ethanol (20 mL) and isopropanol (5 mL) and recovered by centrifugation (8000 rpm, 3 min) three times, redispersing with hexanes and 10 µL oleylamine in between each round of precipitation. The final NCs had an average size of 2.8 ± 0.3 nm and were dispersed in hexanes.
Synthesis of Pd/Au NCs. Pd/Au NCs were synthesized using a modified seed mediated The Pd/Au/TiO 2 catalysts were investigated after ligand removal as self-supporting pellets with an appropriate absorption length to prevent self-absorption at the Pd edge.
The raw data were processed using the Athena interface of the Demeter software package. 32 The spectra were energy-calibrated, merged and normalized. The extended X-ray absorption fine structure (EXAFS) was extracted in k-space and Fourier-transformation was conducted on the k 3 -weighted EXAFS function (k = 3.0-11. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 foil. According to the Nyquist criterion, a maximum of 11 parameters can be extracted from the EXAFS data in these ranges respectively. Pd K-edge EXAFS spectra were fitted with three Counts of 2 to 7 Pd atoms within the slab of 7 corresponded to Pd-Pd coordination numbers of 1 to 6. Using the binomial probability distribution of finding a given number of Pd 
This means adding up the counts of Pd atoms that correspond to each of the coordination numbers, each count multiplied by the probability that at least that number of sites is occupied by Pd.
The bulk-alloy model predicted a random mixture of Pd and Au in a bulk fcc-lattice, Catalytic Measurements. All catalytic measurements were collected at atmospheric pressure in a quartz U-tube reactor with an internal diameter of 1 cm. Supported catalysts (50 mg) were first physically mixed with calcined TiO 2 as a diluent (50 mg) to avoid reactor hot spots. The mixture was then loaded in between layers of acid washed quartz resulting in a bed length of 1 cm. The U-tube was heated using a Micromeritics furnace and the temperature was measured using a Ktype thermocouple inserted inside the catalyst bed. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Reaction mixtures were prepared by feeding 5 vol. % H 2 in Ar (standard mixture, Airgas), 5 vol. % O 2 in Ar (standard mixture, Airgas), and Ar (99.999%, Airgas) through Brooks SLA5850 mass flow controllers. 2-propanol was added by feeding a separate Ar stream through a saturator filled with liquid 2-propanol at room temperature. Products were measured using a Buck Scientific Model 910 gas chromatograph equipped with a 6 ft Hayesep D column, a thermal conductivity detector, and a flame ionization detector with Ar as a carrier gas.
Chromatograph peaks were deconvoluted using the Fityk software with Gaussian peak shapes.
Before starting reaction measurements, all catalysts were pretreated in a stream of 5 vol.
% O 2 in Ar at 25 mL min -1 for 60 minutes at 300 °C. The samples were then cooled to room temperature in Ar prior to introducing the reactant mixture.
RESULTS AND DISCUSSION
We synthesized colloidal nanocrystals (NC) of dilute Pd/Au alloys following a Au seed mediated process modified from the literature. 30 The overall process is visualized in Scheme 1.
We used the procedure of Sun and co-workers to synthesize Au NC seeds of different sizes. 28 The seeds were then introduced into a second colloidal synthesis along with different amounts of Pd(NO 3 ) 2 and heated to yield Pd/Au alloy NC with tunable Pd contents. This procedure for adding Pd works for all Au seed sizes and can therefore be used to make a variety of Pd/Au NC materials. There is a correspondence between the amount of Pd(NO 3 ) 2 included in the synthesis and the fraction of Pd in the final NC as determined by ICP-MS (Supporting Information Table   S1 ). Through this procedure, independent control over particle size and surface composition is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 bimodal size distribution for Pd/Au NCs suggests that all of the Pd that was reduced out of solution was added to the Au seeds rather than forming separate Pd NCs. This conclusion is supported by UV-Vis spectroscopy characterization (Figure 2 ) which shows that the Au localized surface plasmon resonance (LSPR) peak was attenuated, but not eliminated, by the addition of Pd. The Au LSPR is indicative of Au domains and is strongly present in pure Au NCs. 28 Therefore, the inclusion of Pd in the Au domain is expected to cause a dampening of the Au LSPR, as is observed in the dilute Pd/Au alloy NCs. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 15 supported samples were inserted into a furnace at 700 °C for 30 seconds. 31 Representative TEM images of the titania supported samples show minimal or no change in the particle size following deposition and ligand removal (Figure 3a ) as well as after catalytic studies (Figure 3b, c) . The Pd/Au/TiO 2 samples were characterized using X-ray absorption spectroscopy (XAS)
to determine the average local geometric and electronic environment of each element. Figure 4 presents the extended X-ray absorption fine structure (EXAFS) and X-ray absorption near-edge structure (XANES) spectra and analysis at both the Pd K-edge and the Au L 3 -edge for
Pd/Au/TiO 2 catalysts made with the 2.8 ± 0.4 nm Au seeds. This series includes three levels of Pd, now referred to as Pd(1.4%)/Au, Pd(4.1%)/Au, and Pd(7.0%)/Au with increasing Pd concentration. The spectra and best fit models for the remaining six samples are presented in the supporting information in Figures S1 to S3 , with the collected data of the best-fit model reported in Table S2 . XANES spectra and the EXAFS spectra with best-fit models for the three supported alloys are shown in Figure 4 and are reported for both Pd and Au in Table 1 . From the perspective of Pd, the smoothing out of the Pd K-edge XANES relative to those of the Pd foil indicates a low total coordination. The EXAFS spectra exhibit minor Pd-Pd coordination as well as that of both Pd-O and Pd-Au. For all samples, the Pd-Pd coordination number is close to zero within experimental error, indicating that the majority of Pd atoms in the alloy are isolated from other Pd atoms, confirming that a dilute or single-atom alloy has been formed. The data in Table S2 shows that as the fraction of Pd in the NC increased from 1.4 % to 10.5 %, the Pd-Pd coordination increased from zero to 1.1 ± 0.4 as the probability of adjacent Pd 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 19 TEM, and UV-vis analysis together demonstrate that the colloidal NCs are indeed Pd/Au alloys in the dilute or SAA regime with fine control over size, composition, and metal loading. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Scheme 2. Pathways to oxidize 2-propanol to acetone that are being examined that include only oxygen (oxidation, top path) or a combination of hydrogen and oxygen (hydro-oxidation, bottom path). Figure 6 shows the yield of acetone (the product of selectivity to acetone and 2-propanol conversion) for Au/TiO 2 , Pd/Au/TiO 2 and Pd/TiO 2 catalysts with and without hydrogen included in the feed stream. In the absence of co-fed hydrogen (oxidation conditions), it can be seen that Pd/TiO 2 is the most active catalyst for the oxidation of 2-propanol to acetone, with activity starting at 75 °C, while Au does not become active until 125 °C. The Pd/Au alloys span the difference between the two pure metals, with larger amounts of Pd leading to higher activities at lower temperatures. With respect to selectivity, the pure Pd catalyst never reaches 100% acetone yield under our experimental conditions due to the commencement of complete combustion near 100 °C, and produces only carbon dioxide by 200 °C. In the presence of co-fed hydrogen (hydrooxidation conditions) the acetone yield for all catalysts improves to different extents. The greatest improvement is observed for the Pd/Au/TiO 2 catalysts where full conversion is already 22 approached by 100 °C in the Pd(7.0%)/Au/TiO 2 sample. This high activity and selectivity are maintained to temperatures greater than 200 °C. The Pd/TiO 2 sample improved slightly at low temperatures, reaching 100 % acetone yield at approximately 100 °C while the Au NC catalyst also showed higher activity at lower temperatures while maintaining 100% selectivity to acetone.
However, the pure Au catalyst never approached 100 % conversion in the temperature regime explored here. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 24 symbols denote catalyst activity under hydro-oxidation conditions. Triangles denote acetone yield while squares denote acetone selectivity.
The difference in activity between oxidation and hydro-oxidation conditions is summarized in Figure 7 where the difference in acetone yield is compared for all catalysts. The comparison is made at both 75 °C (Figure 7a ) and 125 °C (Figure 7b ). While the improvement for the Pd/Au alloys is less obvious at 125 °C due to higher activity of the oxidation pathway, there is a clear trend for the Pd/Au alloy catalysts at 75 °C, where the oxidation pathway is not active. The formation of hydrogen peroxide, a potential selective oxidizing species, is known to be favorable at lower temperatures because of its tendency to quickly decompose at higher temperatures. 10 For this reason, the trend at 75 o C strongly suggests that the formation of selective oxidizing species on the Pd/Au alloy catalysts is responsible for the improved performance. Nevertheless, the Pd(1.4%)/Au/TiO 2 catalyst showed the greatest increase in activity at 125 °C in large part due to its lower activity under oxidizing conditions. While all Pd/Au/TiO 2 catalysts reached nearly 100% acetone yield under hydro-oxidation conditions at 125 °C, the Pd(7.0%)/Au/TiO 2 catalyst also showed high activity under oxidizing conditions, leading to a low difference in Figure 7b . This result is in agreement with the Pd(7.0%)/Au/TiO 2 catalyst behaving more closely to Pd, which is also very active for converting 2-propanol to acetone under oxidizing conditions. As a result, the hydro-oxidation pathway appears to be less important on the high-Pd content alloys for this reaction.
An additional consideration for comparing catalysts operating at 75 °C and 125 °C temperatures comes from long term stability tests, which showed that the catalysts deactivated 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 While the Pd/TiO 2 catalyst also shows enhanced activity in the hydro-oxidation pathway at 75 °C, it shows the least improvement at 125 °C. This difference is likely a result of the ability of Pd to dissociatively chemisorb oxygen at elevated temperatures. 22, 23 The breaking of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 26 oxygen-oxygen bond will disrupt the formation of hydroperoxy intermediates under hydrooxidation conditions. However, Pd/TiO 2 maintains higher selectivity at temperatures above 150 °C under hydro-oxidation conditions than under oxidizing conditions. This increase in selectivity is likely a result of water produced under hydro-oxidation conditions which decreases the Pd combustion activity. 39 To prove that water, which could be produced in large amounts under hydro-oxidation conditions, was not responsible for the high activity of Pd/Au catalysts, an experiment with a water co-feed replacing hydrogen was conducted using the Pd(1.4%)/Au/TiO 2 catalyst at 125 °C.
The level of water was selected to match the amount of water that would be produced by complete combustion of the hydrogen feed with oxygen (2.5 vol. %). Under these conditions no acetone was produced ( Figure S9 ). However, once the water flow was stopped and replaced by a 2.5 vol. % H 2 feed, the conversion of 2-propanol to acetone resumed on the same catalyst bed, albeit at lower rates likely due to water adsorption on active sites. This indicates that the benefit of the hydro-oxidation conditions extend beyond simply forming water to transiently poison the activity of Pd for combustion.
To further elucidate the role of isolated Pd atom geometries in enhancing the hydrooxidation pathway, tests were conducted with varying the hydrogen/2-propanol ratio between 0 (no hydrogen fed) and 5. The results of these tests are presented in Figure 8 . In these experiments, the total flow rate and concentration of 2-propanol and oxygen in the feed stream were maintained but an increasing concentration of hydrogen was introduced. Each data set was collected using a fresh bed of catalyst to exclude the effect of any potential non-uniform deactivation between experiments. The Pd/TiO 2 sample activity improves slightly below 75 °C with hydrogen but at higher temperatures the addition of hydrogen has minimal impact on 27 acetone yield (Figure 8a ). At the same time, while hydrogen does improve the acetone yield of the Au/TiO 2 sample at temperatures above 100 °C, the concentration of hydrogen does not have an impact on the yield improvement and the effect is rather minimal (Figure 8b ). On the other hand increasing the concentration of hydrogen in the feed increases the activity the of Pd/Au/TiO 2 catalyst incrementally (Figure 8c ). Greater hydrogen fractions in the feed led to larger rates in the hydro-oxidation pathway, corroborating a synergistic effect between Pd single atoms and Au surfaces to produce selective oxidizing intermediates to convert 2-propanol to acetone.
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In this work we outlined a procedure to synthesize Pd/Au alloys with precisely controlled size and composition in the dilute regime, i.e. when single Pd atoms are present on the surface of Au
NCs. This procedure enabled the synthesis of alloys containing single isolated atoms of Pd where the concentration of these species can be easily tuned. Alloy NC could be deposited onto metal oxide substrates while maintaining single-atom speciation of Pd. The uniformity of the catalysts and inclusion of single atoms were confirmed using TEM, UV-Vis spectroscopy, and XAS.
Dilute Pd/Au alloy catalysts supported on titania were tested for the selective oxidation of 2-propanol to acetone, with particular care being given to determine their activity in the hydrooxidation pathway which relies on selective oxidizing species produced by reaction of hydrogen and oxygen. The results show that hydro-oxidation of 2-propanol to acetone over Au catalysts is greatly improved by the inclusion of single atoms of Pd, whereas pure Pd materials are active for oxidation but catalyze combustion at high temperatures and do not show improvement under hydro-oxidation conditions. These findings support the hypothesis that hydrogen splitting is the limiting step in hydro-oxidation over Au. By alloying isolated atoms of Pd into Au even at a low concentration (1.4 at. %), hydro-oxidation activity superior to either pure metal was accomplished. This is a result of the ability of single atoms of Pd to split hydrogen while avoiding oxygen dissociation and consequent complete combustion reactions which both hinder the usefulness of Pd for selective oxidation reactions. These findings point to dilute Pd/Au alloys as a promising catalyst for future research in selective oxidation reactions through hydrooxidation mechanisms. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 ACS Paragon Plus Environment
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